The structural features of Escherichia coli ribosomal protein S8 that are involved in translational regulation of spc operon expression and, therefore, in its interaction with RNA have been investigated by use of a genetic approach. The rpsH gene, which encodes protein S8, was first inserted into an expression vector under the control of the lac promoter and subsequently mutagenized with methoxylamine or nitrous acid. A screening procedure based on the regulatory role of S8 was used to identify mutants that were potentially defective in their ability to associate with spc operon mRNA and, by inference, 16S rRNA. In this way, we isolated 39 variants of the S8 gene containing alterations at 34 different sites, including 37 that led to single amino acid substitutions and 2 that generated premature termination codons. As the mutations were distributed throughout the polypeptide chain, our results indicate that amino acid residues important for the structural integrity of the RNA-binding domain are not localized to a single segment. Nonetheless, the majority were located within three short sequences at the N terminus, middle, and C terminus that are phylogenetically conserved among all known eubacterial and chloroplast versions of this protein. We conclude that these sites encompass the main structural determinants required for the interaction of protein S8 with RNA.
Protein S8, a small globular polypeptide component of the Escherichia coli ribosome, plays critical roles both in the assembly of the 30S ribosomal subunit (24) and in the translational regulation of ribosomal proteins encoded by the spc operon (12, 65) . During 30S subunit assembly, S8 binds to the central domain of the 16S rRNA and interacts cooperatively with several other small-subunit proteins to form a well-defined ribonucleoprotein neighborhood (20, 57) . The binding site for this protein consists of an imperfect helix spanning nucleotides 583 to 653 within the 16S rRNA (20, 37, 67) . A variety of methods, including comparative sequence analysis (59) , chemical modification (36, 60) , protein-RNA cross-linking (63) , and site-directed mutagenesis (19, 21) , have been used to delineate the main structural determinants within the rRNA that mediate its association with protein S8. One of the most striking features of the S8 binding site is a phylogenetically conserved element that comprises either a small internal loop (19, 20) or a slightly unwound helix containing three bulged adenine residues (36) . Whatever the precise configuration of this region, alteration of the conserved features by mutagenesis reduces the affinity of S8 for the rRNA to below-detectable levels (19) .
Protein S8 participates in maintaining the balanced synthesis of ribosomal proteins through the mechanism of translational feedback control (7, 65) . When expressed in excess, S8 is thought to bind to a specific site in the polycistronic spc mRNA, inhibiting the translation of at least eight ribosomal proteins and causing a significant reduction in the growth rate (12, 32, 39) . A fragment of the mRNA that is protected from nuclease digestion by S8 was isolated and found to contain almost all of the characteristic primary-and secondary-structure features of the S8 binding site in 16S rRNA, although a slight difference in the affinity of the protein for the two sites ensures its preferential association with the rRNA (19) . The remarkable similarity of the rRNA * Corresponding author. and mRNA binding sites suggests that S8 makes use of a common RNA-binding domain for both interactions.
Despite the large amount of available information on the S8 binding site in RNA, our understanding of the structural features of the protein that mediate its association with RNA is very poor. We know from various studies that protein S8 encompasses 129 amino acid residues and has a molecular weight of 13,996 (2) , that it is compact and globular (18, 54) , and that it contains 31 to 43% alpha-helix and 21 to 32% 13-structure (14, 29) . Although attempts have been made to identify the RNA-binding portion of S8 through the use of proteolytic fragmentation (5, 46) and chemical modification (11, 35) , the results were for the most part inconclusive. And while a number of S8 mutants have been isolated by traditional genetic methods (9, 10, 17, 26, 62, 68) , they have not shed much light on S8 function. The above notwithstanding, the development of powerful new genetic approaches, grounded in recombinant-DNA methodology, has proved to be of great value in elucidating structure-function relationships in DNA-binding proteins (43) , even when their secondary and tertiary structures are unknown (4 Plasmids, bacteriophages, and bacterial strains. Plasmids pZ152 (67) and pNO1018 (12) were provided by M. L. Berman and M. Nomura, respectively. Plasmid pZNO28 was constructed from pZ152 and pNO1018, as illustrated in Fig. 1 . To obtain plasmid pZNO28A4, pZNO28 was digested with SphI and KpnI to excise the 0.6-kb fragment encompassing the rpsH gene and the 5'-terminal portion of the rplF gene and circularized after the overhanging ends had been removed by T4 (27) . Following a 30-to 60-min incubation, unreacted methoxylamine was removed by centrifuging the reaction mixture through a Centricon-30 microconcentrator. To fill the gap, the mutagenized heteroduplex DNA was incubated with DNA polymerase I (large fragment) in the presence of the four deoxynucleoside triphosphates (dNTPs) and ligated with T4 DNA ligase. The closed circular DNA was digested with SphI and KpnI, and the 0.6-kb fragment containing the rpsH gene was purified by gel electrophoresis and ligated to the 7.1-kb backbone fragment of unmutagenized pZNO28. 20 ,uCi of Trans35S-label per ml, after which unlabeled methionine and cysteine were each added to final concentrations of 150 ,ug/ml. Samples were removed at 0.5, 10, and 120 min thereafter, and the cells were collected and lysed. Protein S8 was precipitated with antiprotein S8 antiserum and protein A-Sepharose 4B in radioimmunoprecipitation assay (RIPA) buffer as described in reference 52. The immunoprecipitated protein was resuspended, subjected to electrophoresis in polyacrylamide gels containing sodium dodecyl sulfate, and detected by autoradiography. The relative amounts of protein S8 in the various samples were estimated by densitometry.
RESULTS
Cloning and expression of the rpsH gene. Autogenous regulation of the spc operon by protein S8 occurs via the interaction of S8 with spc mRNA (7, 19, 40) . Overexpression of wild-type S8 from plasmid-borne copies of the rpsH gene is believed to impede cell growth because the excess S8 binds to, and consequently inhibits the translation of, chromosomally encoded spc operon mRNA (12) . Mutant (32) . Judging from the immunoprecipitation assay, the amount of S8 in bacteria harboring pZNO28 increased by a factor of 4 to 6 under our conditions. In minimal medium supplemented with glycerol and amino acids, induction of the hybrid lacZ-rpsH operon of pZNO28 resulted in very slow growth (Fig. 2a) , consistent with earlier results for pNO1018 (39) . As the difference in growth rates in rich medium was also significant, induced and uninduced phenotypes could be distinguished easily by colony size on agar plates containing YT broth.
To confirm that expression of excess wild-type S8 from pZNO28 does in fact interfere with cell growth, we constructed two derivatives in which portions of the rpsH gene were deleted. In the first, pZNO28A4, the 0.6-kb SphI-KpnI fragment which encompasses all but the three initial codons of the rpsH gene, was removed from the parent plasmid (Fig.  1) . We observed very little change in the growth rate of bacteria harboring pZNO28A4 upon the addition of IPTG (Fig. 2a) . After several generations, however, their doubling time increased by a factor of 2 to 2.5 relative to the uninduced control cells, presumably because of the elevated level of ,-galactosidase expression. In the second construct, pZNO28AX, a small XmnI fragment spanning codons 64 to 73 was deleted, causing a frameshift within the C-terminal portion of S8 which leads to the synthesis of a polypeptide of 100 amino acids. The results in this case were very similar to those obtained with pZNO28A4, and they contrasted sharply with the behavior of cells expressing wild-type S8 from plasmid pZNO28 (Fig. 2a) Table 1 and Fig. 3 .
Growth curves for several of the single mutants in supplemented minimal medium are depicted in Fig. 2b . In the absence of IPTG, the doubling times of cells harboring IV13, AT69, and GS108 were very similar (see the growth curve for IV13 in Fig. 2b) . After the addition of IPTG, these strains grew at rates comparable to those observed for control bacteria harboring plasmids pZNO28A4 and pZNO28AX, neither of which can produce functional S8 (Fig. 2a) . These effects were not simply due to variations in the amount of S8 synthesized, for, judging by the immunoprecipitation assay, the level of expression of all of the S8 mutants was equal to that of the wild-type protein in bacteria containing pZNO28. Moreover, the mutant proteins proved to be quite stable in E. coli XL1-B (Table 1) . In most cases, more than 60% of the 35S-labeled amino acids incorporated in a 0.5-min pulse could be recovered in intact, immunoprecipitable S8 molecules after 2 h of continued growth in minimal medium. While in a few instances only 40 to 60% of the altered protein was stable, none of the S8 variants was completely degraded during the chase. By comparison, between 90 and 100% of the wild-type S8 expressed from pZNO28 remained intact under these conditions. Taken together, the findings de- scribed above demonstrate that a number of different amino acid replacements can impair the regulatory function of S8.
To determine the frequency of phenotypically "silent" nitrous acid mutants among the bacteria exhibiting wild-type growth on TAXI plates, we randomly picked 40 small blue colonies and subjected their plasmid-borne rpsH genes to sequence analysis. Five of them were found to have single nucleotide changes, four of which led to amino acid substitutions (Table 2 ; Fig. 3) . Overall, the data show that under our conditions of mutagenesis, the yield of point mutations in the rpsH gene was about 15%, fewer than one-fifth of which led to the regulation-defective phenotype. Our results also demonstrate the effectiveness of our screening procedure for the isolation of functionally impaired derivatives of protein S8.
DISCUSSION
Specific protein-RNA interactions play an essential part in a host of important cellular phenomena, including all phases of protein biosynthesis. However, only one kind of protein-RNA complex-that between aminoacyl-tRNA synthetase and its cognate tRNA-has been characterized in molecular detail by X-ray crystallography (49, 50) . Consequently, we are still largely ignorant of the general principles of protein-RNA interaction, if such principles do indeed exist. In many cases, considerable progress has been made in elucidating the structural motifs in RNA that account for its ability to associate specifically with proteins, but little is known about the features of protein structure that mediate the recognition of, and interaction with, specific binding sites in RNA (15, 31, 61) . In contrast, detailed information on the role of protein structure in a number of specific protein-DNA interactions has burgeoned in recent years (22) . While this is in large part attributable to advances in X-ray diffraction analysis, genetic approaches have contributed substantially to an understanding of structure-function relationships in numerous DNA-binding proteins (43) . Early on, genetic investigations provided significant insights into the importance of the helix-turn-helix motif in sequence-specific contacts between proteins and DNA (23, 25) . More recently, genetic techniques have been used to probe the functional roles of individual amino acid residues within DNA-binding proteins whose structures are entirely unknown (4) . A similar approach would seem to be especially appropriate for studying the RNA-binding proteins of the bacterial ribosome which have proved difficult to crystallize for X-ray analysis.
In this report, we describe a genetic approach for defining the structural features of E. coli ribosomal protein S8 that are involved in its interaction with spc mRNA and, by inference, with 16S rRNA. To this end, the rpsH gene, which encodes protein S8, was first placed under the control of the lac promoter in plasmid pZN028. Upon expression, the excess S8 produced binds to a specific site in spc mRNA (19) , inhibiting its translation (32) and, as a result, slowing cell growth. We treated the rpsH gene with methoxylamine and nitrous acid to generate mutants of protein S8 which, when expressed in their hosts, were unable to inhibit cell growth, presumably because they were defective in their ability to bind spc mRNA. After nitrous acid treatment, for instance, the fast-growing mutants occurred at a frequency of 0.5 to 1.5% of the cells transformed with mutagenized pZN028. Among them, we recovered 32 S8 mutants with single amino acid replacements at 28 different sites and 2 that terminated prematurely by virtue of nonsense codons at positions 17 and 66 (Table 1 ). In addition, several of the mutant genes contained multiple codon changes, while (30) .
small sample of transformants which grew at the wild-type rate revealed that the frequency of phenotypically silent mutations was about 13%. This indicates that, under our conditions, the overall mutation rate was roughly 15%, of which the regulation-defective S8 mutants made up 10 to 15%. We have recently confirmed that a number of the latter do indeed exhibit a reduced affinity for the S8 binding sites in 16S rRNA and spc mRNA (64) . Mutations leading to the fast-growth phenotype occurred throughout the polypeptide chain-with a preponderance in the N-and C-terminal portions-suggesting that amino acid residues important for the structure and specificity of the RNA-binding domain are not localized within a single segment. Base substitutions occurred repeatedly at a small number of sites, and certain of the coding-strand mutations elicited by nitrous acid, including a G-to-T transversion in codon 79 and several G-to-A transitions, were unexpected. These mutations probably stemmed from the use of the error-prone polymerase reverse transcriptase in the mutagenesis procedure, although some "hot spots" may represent sites that are particularly susceptible to reaction with nitrous acid and methoxylamine. In the majority of the regulation-defective mutants, the lesions are found in or (20, 36, 37, 60, 67) . The greatest distance between phosphate groups masked by the protein from reaction with N-methylnitrosourea is 47 A (4.7 nm) (36) , and that between nucleotides cross-linked to S8 by 2-iminothiolane is about 60 A (6 nm) (63) . These candidates for RNA recognition and association. In this regard, the modification of Cys-126, near the third region indicated above, has been reported to impair S8-16S rRNA interaction (35) . We note, however, that this cysteine residue is not phylogenetically conserved (Fig. 3) .
To fully understand the part that each segment-and, ultimately, each amino acid residue-of S8 plays in protein-RNA and protein-protein interactions as well as in polypeptide chain folding and stability, the three-dimensional structure of the protein must be elucidated in detail. Toward this goal, we have constructed a vector in which the rpsH gene is subject to the control of a T7 RNA polymerase promoter and obtained a high level of expression in vivo (64) . The large amounts of protein that can be produced in this way are being used to study systematically the interaction of the mutant proteins with 16S rRNA and to investigate the secondary and tertiary structures of wild-type and mutant S8 by several physical techniques.
